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Historically, pavement maintenance funds have been allocated based on a centralized programme development process. Such practice,
though seemingly convenient, does not lead to optimal allocation of funds since districts generally have diﬀerent priorities based on the
state of development and condition of their respective road networks. This paper proposes a decentralized two-phased optimization
framework for pavement maintenance fund allocation considering multiple objectives and cross-district trade-oﬀ at the network level.
In the proposed two-phased analysis approach, Phase-I focuses on establishing the needs and funds requirements of individual districts
given multiple performance targets or objectives, while a system-wide fund appropriation strategy is selected, in Phase-II, given budget
and equity constraints across competing districts. The proposed approach is illustrated using a numerical example problem for appro-
priating funds to three districts. The results indicated that the proposed approach is not only able to evaluate the extent to which various
performance targets are achieved at the central and district level, but also maintains equity in distribution of ﬁnancial resources across
districts.
 2016 Chinese Society of Pavement Engineering. Production and hosting by Elsevier B.V. This is an open access article under the CCBY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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System-wide pavement maintenance planning primarily
involves programming decisions to determine ﬁnancial
needs and allocate ﬁnancial resources over the entire net-
work, with either short-term, medium-term or long term
planning period. Resource allocation method generally
varies country-wise predominantly on account of prevail-
ing management structures in respective countries [13].
For example, some highway agencies employ a centralized
programme development process. The eminent characteris-
tic of this type of management approach is that the centralhttp://dx.doi.org/10.1016/j.ijprt.2016.05.003
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Engineering.oﬃce develops the programme and passes it down to dis-
trict level units. In some agencies, the districts must follow
the programme or explain any deviation, while in other
agencies the districts may vary considerably from the cen-
tral oﬃce list. Historical needs-based and formula-based
appropriation approaches can be classiﬁed as centralized
programme development process. The former approach is
based on historical needs adjusted to take into considera-
tion the inﬂation and special projects or other inﬂuences
[2,14], while the latter allocates funds based on certain pre-
determined percentages and weights for each highway or
district [3,12]. However, both of these approaches fail to
account for inventory information, life cycle planning, pre-
dicted funding requirements, and the eﬀectiveness of each
dollar amount spent.
On the other hand, in the decentralized programme
development process, funds are allocated to each districthosting by Elsevier B.V.
ommons.org/licenses/by-nc-nd/4.0/).
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funds. An example of this programme is the performance
based approach, which considers various pavement condi-
tion and performance aspects to optimally appropriate
funds given predeﬁned objectives at central level. Perfor-
mance based approach, although superior to other
approaches, inevitably involves multiple and conﬂicting
performance objectives necessitating their simultaneous
maximization or minimization while satisfying all the nec-
essary constraints at central level. In the past literature,
various performance based pavement resource allocation
models have been proposed [11,17,5,15]. These models
are either restricted to optimizing a single objective or they
fail to incorporate maintenance needs/goals of each of the
competing districts. The task of allocating funds across
multiple districts is challenging since it requires negotiation
between central and district level agencies, and the act of
balancing amongst individual districts. This problem
aggravates in situations where districts have diﬀerent prior-
ities keeping in view their state of development and condi-
tion of their respective road networks [6].
Thus, this paper proposes a decentralized two-phased
optimization framework for pavement maintenance fund
allocation across multiple districts. Phase-I of the approach
represents the practice of having independent individual
district management systems, each addressing operational
and service objectives unique to itself. Phase-II incorpo-
rates Pareto optimal maintenance strategies from individ-
ual districts to perform central-level budget allocation
analysis with a pre-determined set of objectives and con-
straints at central level. Phase-I Pareto optimal mainte-
nance strategies from individual districts become the links
for interaction with the central-level optimization analysis
in Phase-II. The proposed framework not only evaluates
the extent to which various performance targets are
achieved at the central and district level, but also considers
equity in distribution of resources across districts. This
approach is demonstrated through an illustrative example.
2. Proposed two-phased analysis framework
The proposed approach is employed to account for var-
ious objectives of the central and district level agencies
resulting in a practical decision support model for
network-wide application. A two-phased analysis is per-
formed with the ﬁrst phase focusing on establishing the
needs and funds requirements of the various regional agen-
cies given multiple performance targets or objectives, while
the second phase imposing the overall budget and equity
constraints to arrive at the ﬁnal budget allocation strategy.
The proposed framework of the two-phased analysis
approach is shown in Fig. 1.
Phase-I of the approach represents the prevailing prac-
tice, addressing operational and service objectives unique
to each district with a common objective in minimizing
maintenance costs, as in Fig. 1. The outcome of the analy-
sis in Phase-I will be a family of Pareto optimal solutions,which oﬀers a convenient basis for performing the cross-
district trade-oﬀ analysis in Phase-II.
Given the attributes of Pareto optimal maintenance
strategies of each district, from Phase-I, an optimal
central-level budget allocation analysis is performed in
Phase-II. The inputs of this phase consists of: (1) perfor-
mance and cost attributes of Pareto optimal strategies,
(2) a known overall amount of maintenance budget avail-
able for the entire pavement network, and (3) predeter-
mined network-level objectives for the optimization
analysis. The attributes of the Pareto optimal maintenance
strategies, from each of the districts, create a connection
between the district and central-level optimization analy-
ses. Given any maintenance budget, this connection relays
information, pertaining to pavement performance or con-
dition, between the two phases described earlier. Since opti-
mization is involved in the two phases, Genetic algorithm
[9] is selected as the optimization tool for Phase-I analysis
and dynamic programming [4] for Phase-II optimization
analysis in this paper.
3. Pavement maintenance budget allocation model
The framework explained in the preceding section is
illustrated using a highway network system divided into
three districts. The mathematical formulation of the opti-
mization models for the pavement management systems
in three districts and that for the overall highway system
are presented in this section. Although the proposed
framework is equally applicable to maintenance and
rehabilitation activities, this paper only considers
maintenance.
3.1. Phase-I: district level budget allocation model
Since a decentralized management structure is proposed,
districts develop their own pavement maintenance strate-
gies in this phase of the analysis. The Pavement Condition
Index (PCI), which is an ASTM standard for the pavement
condition assessment [1], is used to represent pavement
condition. PCI values are assigned to distresses on a scale
from 0 to 100 based on distress type, density and severity,
and range from 100 for a perfect pavement condition to 0
for the worst condition. The PCI of any pavement section j
is determined using the following equation:
PCIj ¼ 100 ðTDV Þj ð1Þ
where TDV is the total deduct value equal to the sum of
individual deduct values (DV) for each distress present in
the pavement section, computed based on the standardized
procedure published in ASTM [1].
In order to develop mutually exclusive pavement main-
tenance strategies at district-level, a pavement maintenance
model is formulated. For illustration purposes, the formu-
lation consists of two objectives, namely minimization of
the total pavement maintenance cost and maximization
of the pavement network average PCI, and a constraint
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Table 1
Highway infrastructure facilities for the example problem.
Infrastructure Type Quantity
Pavements Asphaltic 150 (km)
Expressway 4 lanes 50 segments
Arterial 3 lanes 50 segments
Access 2 lanes 50 segments
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fall above a pre-deﬁned level. The developed model can
be expressed mathematically as follows:
Objective function:
1. Minimize total maintenance cost:
Minimize
XM
i¼1
Ci ð2Þ
2. Maximize district average PCI:
Maximize
XN
j¼1
PCIj=N ð3Þ
Subject to:
PCIj  ap j ¼ 1; 2; . . . ;N ð4Þ
where Ci is the cost for repairing distress i, M and N is the
total number of pavement distresses and sections respec-
tively, ap required minimum pavement condition threshold
for each pavement section in district p, and PCIj is the
Pavement Condition Index of pavement section j. This
optimization model is solved using genetic-algorithm,
which has been shown by pavement researchers to be an
eﬃcient tool to solve pavement programming problems
[8,7,16].
3.2. Phase-II: central level budget allocation model
The developed mutually exclusive pavement mainte-
nance strategies at district-level in Phase-I become conve-
nient inputs for Phase-II analysis. The central-level
budget allocation model aims to identify a system-wide
resource allocation strategy that will satisfy the predeter-
mined system objectives and operational constraints. This
phase not only evaluates the extent to which various per-
formance targets are achieved, but also considers equity
in distribution of resources across multiple districts. The
forms of preferred performance targets and operational
constraints vary among highway agencies. However, it is
reasonable to consider achieving comparable levels of per-
formance among various districts with respect to their min-
imum performance threshold values. Therefore, the
budget allocation model at Central-level can be expressed
mathematically as follows:
Objective function:
Minimize½MaxjðNPCIl1  a1Þ  ðNPCIl2  a2Þj;
jðNPCIl1  a1Þ  ðNPCIl3  a3Þj;
jðNPCIl2  a2Þ  ðNPCIl3  a3Þj
8 l given k ¼ 1; 2; . . . ; P ð5Þ
Subject to:
B
XP
k¼1
Ckl 6 b 8 l given any k and b  0 ð6ÞCkl is the cost associated with selecting strategy l given dis-
trict k, P is the total number of districts, b is the maximum
diﬀerence allowed between the total budget allocated and
available, which is chosen to deﬁne the minimum amount
of budget the agency would like to allocate. NPCIlk and
B denote network-wide Pavement Condition Index of dis-
trict k with maintenance strategy l and available budget
respectively.
The objective function at Central-level aims to achieve
comparable levels of performance of all the district level
pavement management systems with respect to their mini-
mum performance threshold values. In other words, the
equation aims to minimize the maximum diﬀerence
between the improvements in performance measures with
respect to their thresholds subject to the constraint. The
mathematical optimization model is solved using Dynamic
programming, which has been shown to be a promising
tool to solve resource allocation problems [16,10].
4. Demonstrative example
For simplicity, three districts and a network of 150 one-
km pavement sections, each with three possible forms of
distresses: raveling, rutting and cracking, are considered
for illustration. Table 1 delineates highway class, and
Table 2 lists exogenously provided pavement distress data
that vary across the three considered districts. The cost
data for the repair of diﬀerent distresses are provided in
Table 3. To facilitate illustration, only four possible main-
tenance options are considered for each pavement section:
(1) do nothing, (2) patching, (3) premix leveling, and (4)
crack sealing. The performance threshold values for the
three districts are a1 = 65, a2 = 68, a3 = 70 (see Eq. (5)),
and b = 10 for Eq. (6).
The optimization problem is formulated such that the
decision variable can only be assigned a unique value rep-
resenting single or a combination of maintenance activities
performed for each pavement segment. The outcome of the
optimization process is a set of maintenance activities
planned to be performed for all pavement segments consid-
ered in each district. Based on the type of maintenance
activity performed for all segments in any particular dis-
trict, the total maintenance cost and associated condition
index is calculated and termed as maintenance strategy.
Since the genetic-algorithm optimization method is
adopted for Phase-I analysis, a population size of 300 with
a replacement proportion of 0.10 is used. The crossover
and mutation rates are 0.85 and 0.05 respectively.
Table 2
Pavement distress data for example problem.
Pavement segments
1–50 51–100 101–150
Ravel Rut Crack Ravel Rut Crack Ravel Rut Crack
L-19 M-24 L-21 M-4 M-2 M-24 M-29 M-12 M-21
L-26 L-8 L-13 L-28 L-15 L-26 M-2 M-21 M-13
M-13 M-14 M-1 H-19 M-18 H-20 H-23 H-25 H-1
M-1 L-34 M-17 H-30 H-20 H-28 H-1 H-18 H-17
M-29 M-6 M-18 M-29 M-22 M-18 M-19 M-27 M-18
H-4 M-7 H-28 M-21 L-36 M-6 M-16 H-6 M-28
L-7 M-39 L-1 L-22 L-2 L-6 L-6 L-22 L-1
L-22 L-33 L-25 M-25 M-38 M-22 H-3 M-26 H-25
H-24 L-23 H-21 H-21 M-36 H-13 M-4 L-10 M-21
H-13 L-32 L-13 M-4 L-24 M-5 H-17 H-34 H-13
L-5 L-20 L-16 H-27 M-9 H-24 M-8 L-3 M-16
H-9 M-23 H-12 M-23 L-39 M-12 M-2 M-3 M-12
M-13 L-28 M-1 M-1 H-14 M-13 L-24 M-3 L-1
L-21 L-39 L-16 M-2 M-20 M-5 H-10 M-27 H-16
M-19 M-19 M-27 H-6 H-40 H-25 H-20 H-10 H-27
H-26 M-30 H-8 M-29 M-16 M-20 M-7 M-34 M-8
L-26 M-18 L-5 L-22 L-3 L-16 H-25 L-28 H-5
H-12 M-35 H-29 L-8 M-6 L-25 M-21 L-6 M-29
M-27 L-24 M-19 M-6 L-34 M-9 H-12 M-28 H-19
M-6 L-6 M-8 H-9 M-12 H-30 H-17 L-32 H-8
H-25 L-35 H-24 H-13 L-31 H-12 M-16 M-1 M-24
H-24 M-6 H-23 M-9 L-16 M-3 L-12 H-16 L-23
M-7 M-1 M-6 M-26 H-18 M-17 M-23 L-29 M-6
M-2 M-27 M-20 M-11 L-30 M-29 L-28 M-13 L-20
M-25 M-29 M-23 M-12 L-8 M-20 M-20 M-23 M-23
L-16 M-21 L-25 M-28 M-32 M-23 M-9 L-6 M-25
M-20 L-15 M-25 L-17 H-22 L-2 M-4 L-34 M-25
H-23 M-23 H-13 H-12 L-8 H-26 M-29 L-25 M-13
M-4 L-8 M-12 H-12 H-14 H-16 L-8 M-24 L-12
L-28 M-19 L-19 L-1 H-18 L-28 M-15 H-13 M-19
M-15 M-21 M-20 H-37 L-5 M-22 L-22 L-31 L-20
L-6 H-22 L-15 L-29 L-19 L-16 M-28 M-8 M-15
M-14 M-3 M-23 M-18 M-18 M-13 H-17 M-21 H-23
L-29 L-13 L-13 L-19 L-17 L-19 L-9 H-18 L-13
M-23 L-7 M-16 H-23 M-15 H-19 L-3 M-24 L-16
M-29 L-12 L-13 L-25 M-38 L-11 L-21 L-39 L-13
M-29 H-5 M-23 M-29 L-31 M-15 H-27 L-35 H-23
M-24 L-28 M-6 L-30 L-37 L-15 H-9 M-21 H-6
H-12 L-28 H-7 H-24 M-28 H-22 H-6 H-22 H-7
M-11 L-32 M-1 L-25 M-10 L-1 L-23 H-10 L-1
H-8 L-22 H-3 H-13 L-33 H-8 L-16 H-27 L-3
L-7 M-14 L-25 H-27 L-29 H-25 L-19 L-19 L-25
M-5 L-32 M-5 L-11 M-6 L-30 H-16 M-19 H-5
L-18 L-29 L-29 L-27 L-33 L-11 L-27 M-22 L-29
M-18 L-36 M-9 M-28 L-22 M-8 M-8 L-18 M-9
M-18 L-35 M-27 L-7 L-25 L-21 L-23 L-10 L-27
H-7 M-23 H-23 H-6 L-33 H-21 H-21 L-32 H-23
M-4 M-13 M-6 M-21 L-16 M-26 L-23 L-35 L-6
L-25 M-4 L-16 M-28 L-40 M-6 M-5 M-32 M-16
M-30 M-31 M-2 H-1 L-23 H-3 M-1 H-9 M-2
Note: Each cell in the table contains a two-part code A–B, where A represents distress severity with H, M and L denoting high, medium and low severity
respectively; and B is a numerical value delineating the distress extent with the unit of percentage area aﬀected.
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The proposed framework, as outlined in Fig. 1, is imple-
mented to allocate funds across three districts. In the opti-
mization problem, as described in Phase I, the objectives
are multiple and conﬂicting such as minimizing mainte-nance cost, and maximizing pavement condition. In this
situation, there is no single combination of optimal param-
eters (decision variables) that can provide the best mainte-
nance strategy. Thus, optimization results in a set of
maintenance strategies that are not superior or inferior to
each other in the search space. Such strategies are labelled
Table 3
Cost data for the example problem.
Distress type Maintenance cost
Maintenance cost per unit in Singapore dollars (S$) Distress severity level
Low Moderate High
Raveling (S$/m2) 1.00 1.85 2.75
Rutting (S$/m2) 2.00 2.20 3.85
Cracking (S$/m) 6.00 6.00 6.00
Note: S$ represents Singapore dollar.
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objectives. The results from Phase-I of the analysis are
represented by mutually exclusive pavement maintenance
strategies for each of the three districts as shown in
Figs. 2–4. In the ﬁgures, each data point represents a
pavement maintenance strategy with associated mainte-
nance cost and Pavement Condition Index (PCI). As the
district-wide pavement condition increases, the mainte-
nance cost rises and vice versa. Hence, no single strategy
can be considered optimal given the objectives and
constraints deﬁned at district-level.
It can be seen that the Pareto frontier covers a range of
PCI values from slightly more than 65 (the minimum PCI
threshold) to approximately 96 in Fig. 2 and 68 (the mini-
mum PCI threshold) to approximately 96 in Fig. 3 and 73
(the minimum PCI threshold) to approximately 96 in
Fig. 4, for district 1, 2 and 3 respectively. The ﬁgures clearly
depict the minimum budget required to meet the mainte-
nance needs to maintain pavement condition above the
deﬁned minimum threshold. The minimum and maximum
budgets needed for each of the districts to meet their
respective pavement maintenance needs set the range of
possible budget for Phase-II of the analysis.
The goal of Phase II of the framework is to identify a
network-wide optimal strategy given Pareto Frontiers gen-
erated at district-level. Since the relationship between pave-
ment condition and allocated budget for each of the three
districts oﬀers a convenient database for Phase-II analysis,
the optimal shares of budget for the three districts are0
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Fig. 2. Pareto frontiers from analysis of district-1 management system.
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Fig. 4. Pareto frontiers from analysis of district-3 management system.determined and are tabulated in Table 4 and visualized in
Fig. 5 by solving Eqs. (5) and (6). The results of the anal-
yses show the intended outcome of the proposed budget al-
location model, i.e. to maintain the overall network
performance levels of the three district-level pavement
management systems within a comparable magnitude with
respect to their minimum performance threshold values.
The analyses are repeated for varying budget levels, such
as S$2.6M, S$2.8M, and S$3.0M, which clearly shows that
as the available budget increases, the performance levels
across all districts increase correspondingly.
Table 4
Results of multi-district budget allocation analysis.
No. Budget (S$) Cost (S$) District 1 (NPCI) District 2 (NPCI) District 3 (NPCI)
1 2600000 2588430 69.16 72.75 73.84
2 2800000 2695350 74.76 74.64 74.79
3 3000000 2928400 77.88 77.84 77.85
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Fig. 5. Results of optimal multi-district budget allocation analysis.
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Phase-II is formulated to achieve comparable level of per-
formance across all districts. In other words, the available
funds are allocated at central-level such that the district
with the lowest performance, measured in terms of PCI,
receives a major portion of funds followed by other dis-
tricts in increasing order of their respective PCI values.
As shown in Fig. 5, a minimum of S$2.6M is required to
meet the minimum performance standards across all dis-
tricts as deﬁned by a in Eq. (5). As the available budget
increases, district 1 witnesses a signiﬁcant increase in bud-
get relative to other districts in order to meet the mainte-
nance needs represented in terms of NPCI value. Further
increase in available budget results in uniform increase in
performance levels across all districts as depicted in Fig. 5.
5. Conclusions
This paper proposed a decentralized two-phased opti-
mization framework for pavement maintenance fund allo-
cation considering multiple objectives and cross-district
trade-oﬀ at the network level. Phase-I of the approach rep-
resented the practice of having independent individual dis-
trict management systems, each addressing operational and
service objectives unique to itself. Phase-II incorporated
Pareto optimal maintenance strategies from individual dis-
tricts to perform central-level budget allocation analysis
with a pre-determined set of objectives and constraints at
central level. The strengths of the proposed procedure, in
comparison to the existing budget allocation models
reported in the literature, can be summarized as: (1) it
optimizes multiple objectives simultaneously, whileincorporating needs/goals of each of the competing dis-
tricts, (2) allocates fund using performance based criteria
instead of assigning priority weights to districts using sub-
jective assessment for cross-district trade-oﬀ, (3) allows dis-
tricts to develop their respective priorities based on the
state of development and condition of road network, and
(4) the two-phased analysis approach permits central level
optimization analysis to select mutually exclusive optimal
maintenance and rehabilitation strategies from district-
level management systems without the need for a lengthy
iterative process between district and central-level pave-
ment management systems. The proposed framework was
illustrated using a numerical example problem for appro-
priating funds to three districts. The results suggest that
the proposed approach not only evaluates the extent to
which various performance targets are achieved at the cen-
tral and district level, but also maintains equity in distribu-
tion of ﬁnancial resources across districts for varying
budget levels.
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